ABSTRACT: Polarization imaging reveals unique characteristics of samples, such as molecular symmetry, orientation, or intermolecular interactions. Polarization techniques extend the ability of conventional spectroscopy to enable the characterization and identification of molecular species. In the early days of spectroscopy, it was considered that a set of polarizers placed in the illumination and the detection paths was enough to enable polarization analysis. However, with the development of new microscope imaging techniques, such as highresolution microscopy, nonlinear spectroscopic imaging, and near-field microscopy, the inevitable polarization changes caused by external optical components needs to be discussed. In this Perspective, we present some of the hot topics that are specific to high-spatial-resolution microscopy and introduce recent related work in the field. Among the many spectroscopic techniques available, we focus in particular on Raman spectroscopy because Raman tensors are widely used in pure and applied sciences to study the symmetry of matter.
M icroscopy and nanoscience have seen rapid advances, and polarization analysis in high-spatial-resolution imaging is one issue that has recently been a topic of discussion. When a light beam travels in a collimated path, the polarization is easily analyzed by inserting a polarizer into the light path; however, when it is tightly focused, the polarization distribution inside of the focal area is not homogeneous because of interference effects caused by local electric fields propagating in different directions. At the same time, the polarization of scattered light exhibits an angular dependence, which means that measurements cannot be performed in a straightforward way. In this Perspective, we will review recent techniques for measuring polarization in tightly focused light, together with some new aspects of polarization control that are important for spectroscopic imaging.
Polarization Raman Spectroscopy. Among the many available spectroscopic techniques, polarization measurement in linear or nonlinear Raman spectroscopy has been studied for many years, in accordance with the development of the theory of Raman tensors.
1 Light polarization is determined by the orientation of electric field oscillations in the plane perpendicular to the propagation direction, and symmetry analysis through the molecular vibrations is a standard application of polarization spectroscopy. In addition, under resonance excitation conditions, polarization Raman spectroscopy can probe even the electronic states of molecules through vibronic coupling. 2 Besides the ability to investigate the properties of single molecules, polarization measurements are useful for their application in the collective state of samples. Especially for crystals, polarization Raman measurements have been widely used to characterize local strain and defects, which are directly linked to the characteristic Raman peaks. 3−5 Orientational analysis has been extended to other samples, such as liquid crystals, 6 polymers, 7 and molecular thin films, 8 and has the potential to be applied to complex biological samples too. Polarization spectroscopy has often been combined with not only Raman spectroscopy but also fluorescence spectroscopy and second harmonic generation microscopy.
9
Polarization Raman Microscopy. Here, we would consider polarization Raman spectroscopy in a microscopic setup. By employing a high-numerical-aperture (NA) microscope objective lens, it is possible to realize a spatial resolution close to the diffraction limit, which is about half of the incident light wavelength. In conventional polarization microscopy, only two polarization components are available, the x-and y-polarizations (parallel to the sample plane). The z-polarization (perpendicular to the sample plane) is not available even though the sample distribution is not restricted to two dimensions. When it is necessary to study the sample under z-polarization excitation, we have to rotate the sample in the direction parallel to the molecular axis, which is not always possible in microscopic conditions where the working distance of the objective lens limits the available space. Turrell suggested in 1984 that, with a high-NA objective lens, the z-polarization ratio is not negligible compared with the x-and y-polarizations. 10 For example, in an oil-immersion objective (NA = 1.4), the z-polarization ratio becomes more than 20% of the total incident field even if perfect linear polarization is introduced. 11 This property holds promise for creating z-polarization components under a microscope. The key requirements for achieving control over z-polarization in microscopes are a high-NA objective lens and modulation of the incident polarization pattern by using a spatial light modulator (SLM). In the following, we describe three-dimensional polarization measurements enabled by using a kind of SLM called z-pol. Figure 1 schematically illustrates the formation of x, y, and z polarizations by utilizing the z-pol. Of the two incident light polarizations, radial and azimuthal, when they are focused on a sample plane, only the radial polarization is responsible for creating the z-polarization. Therefore, if the incident light consists of only the radial polarization, a highly z-polarizationdominant field is formed at the sample plane. By employing a z-pol, which is an eight-segment half-wave plate in which each segment has a different polarization angle, we can realize a quasi-radial polarization. The polarization at the sample in this configuration can be switched between xy-or z-directions by rotating the incident polarization. An annular mask is inserted in the incident laser path to exclude small-NA (<1) components in order to achieve highly z-polarizationdominant excitation. The high-NA objective lens effectively modifies the angle of incidence with respect to the sample plane to make the radial polarization perpendicular to the sample surface. The analyzer was set in the direction that corresponds to the crossed Nichols setting to the incident linear polarization.
Here, we present an example of z-polarization measurement using alpha-quartz. Of the 27 normal modes in alpha-quartz, we pay particular attention to two modes with different symmetries, the A 1 (464 cm ). The incident z-polarization can excite only the A 1 mode and not the E mode, as expected from the Raman tensor. 12 The expected Raman signal intensity of each vibrational mode is determined by multiplying three factors, the incident light intensity, the corresponding Raman tensor, and the detection efficiency. The signal collection efficiencies for the xy-direction and the z-direction in the backscattering configuration are given by factors A and B, respectively, which are shown below as a function of the objective lens cone angle θ m (1)
It turns out from eqs 1 and 2 that B is about 10% of A, even in the case of NA = 1.4, suggesting that for linearly polarized incident light, the zz tensor components are barely detectable, even with a high-NA objective lens. Therefore, in order to observe the z-polarization component, it would be necessary to modify the incident laser polarization. Figure 2 shows polarization measurements of the Raman spectra from alpha-quartz obtained with NAs of (a) 0.15, . Schematic illustration of polarization control using a z-pol device, an eight-segment half-wave plate in which the polarization direction in each segment is tilted by 22.5°relative to the neighboring segments. First, radial or azimuthal polarizations are formed, and these are then introduced to a high-NA objective lens and tightly focused on the sample plane to form either xy-polarization (parallel) or z-polarization (perpendicular to the sample plane). In (g), with the z-pol, we can see that the z-polarization component at 464 cm −1 is dominant to the extent that it almost overwhelms the other modes. Compared with the spectrum in (f), it is obvious that the spectrum in (g) has a much stronger dominance of the z-polarization.
Development of a New SLM. As the experimental results obtained with the z-pol suggest, the key feature of our new polarization microscopy is deeply concerned with the idea of designing the illumination configuration. The idea of structured illumination has a long history, 13−17 though not many of them are aimed at polarization analysis. Realizing the designed configurations requires a variety of SLMs. One example is a tunable waveplate formed of a liquid crystal layer that is driven by an external voltage to rapidly modulate the polarization during measurement. There are SLMs that consist of hundreds of pixels, each controlled separately either in amplitude or in phase. SLMs are mainly designed for pulse shaping, multipoint illumination, optical fabrication, optical compensation, and so forth, rather than polarization measurement, and there is a rapidly growing number of commercially available SLMs with increasing flexibilities. 18 A novel photofabrication method for making a SLM has been reported. 19 By exploiting the ability of femtosecond lasers to create subwavelength anisotropic modifications inside of silica glass, a polarization vortex converter, operating in the visible region, has been demonstrated. A significant advantage of the technique is the possibility of achieving radial or azimuthal polarization with a single optical element simply by controlling the handedness of the incident circular polarization. Another example is preferential molecular alignment achieved in pentacene films by using photoaligned azo-polyimide films as the substrate. 20 The photoalignment method is a promising technique for achieving spatially variable alignment. The ultimate SLM would be the one that is made by manipulating the orientation of each molecule on a thin film device to form a desirable pattern. With the recent remarkable developments made in SLM technology, this may not be just a dream in the near future.
Polarization Raman Nanoscopy. The resolving powers of optical microscopes are limited by the wave nature of light. For example, an optical microscope can acquire images with a resolution of about 300 nm with an excitation wavelength of 500 nm when equipped with an objective lens with NA = 1. While there have been attempts to overcome this diffraction limit by using nonlinear spectroscopy, near-field optics has emerged as an indispensable tool for subwavelength imaging and could provide better detection accuracy. Unlike other optical microscopes, the concept of the near-field microscope is based on the spatial confinement of incident light interacting with nanostructures to a value much smaller compared to the wavelength of the incident light. 21 The spatial resolution is determined by the size of the probe apex, which can ultimately be as small as a few molecules. With the aid of a scanning tunneling microscope (STM) and atomic force microscope (AFM), near-field microscope techniques have matured. Signal enhancement is very useful in near-field microscopy with a reduced sample volume, especially for Raman spectroscopy, which shows much smaller cross sections, typically only 10
or lower, compared with fluorescence or IR absorption spectroscopy. Raman scattering from molecules in close proximity to the metallic nanostructures is strongly enhanced due to the excitation of localized surface plasmon polaritons. This phenomenon is known as surface-enhanced Raman scattering (SERS), the enhancement factor 22 of which has been reported to reach 10 5 −10 20 . The inclusion of a metallic probe tip in a system based on SERS yields encouraging results as the probe can act as a nanometric light source. Work on tip-enhanced Raman spectroscopy (TERS) has been reported by many researchers since the first report in 2000. 23, 24 Because the spatial resolution of TERS is ∼20 nm, the polarization distribution within a comparatively large focal area needs to be considered. When linearly polarized light is tightly focused by a high-NA objective lens, the polarization at the focal plane consists of both xy-components and z-components. Besides this polarization admixture, the field intensity distributions of each component cause a problem when the spatial resolution reaches the nanometer scale.
25 Figure 3 shows the calculated field intensity distribution in the focal plane for linearly polarized (x-direction) light tightly focused by an objective lens (NA = 1.4), showing (a) the z-polarization and (b) the xy-polarization. The electric field of the z-polarization is canceled at the center of the spot, creating two side peaks, as shown in Figure 3a . On the other hand, the field intensity of the xy-polarization shows a maximum at the center, as seen in Figure 3b . On the other hand, radially or azimuthally distributed polarizations create highly pure z-or xy-polarizations. Figure 3c and d shows the calculated total electric field intensity distributions at a tightly focused spot using radial (z-) and azimuthal (xy-) polarizations. In the z-polarization configuration, the electric field intensity in the longitudinal direction (along the tip axis) is the strongest at the center, as shown in Figure 3c . In the xy-polarization configuration, the lateral field intensity is the strongest at the circumference, as in Figure 3d . Note that areas dominated by both the x-polarization and y-polarization are formed in the case of this configuration. According to these predictions, the polarization components are spatially distributed in quite different ways.
We earlier introduced polarization analysis in a TERS experiments. 26 In near-field spectroscopy, the polarization direction is
Realizing the designed configurations requires a variety of SLMs. characterized by two components of the electric field polarization on the sample, the xy-polarization (perpendicular to the tip axis) and the z-polarization (parallel to the tip axis). As we showed in that study, one needs to adjust the tip to a certain position in the focal area to select either the z-or xypolarization field components, which is possible in the TERS setup. Single-walled carbon nanotubes (SWNTs), which have strong polarization dependence, were investigated with this polarization control. The radial breathing mode (RBM) and the G-band, which belong to different vibrational symmetries, showed opposite polarization dependences. Figure 4 shows a comparison of the near-field Raman signal intensities of the SWNTs measured under z-and xy-polarization conditions. The near-field spectra were obtained by subtracting the spectra obtained without a tip from those obtained with a silver tip in contact with the sample. Red lines indicate the spectra measured under the z-polarization condition, and blue lines indicate those measured under the xy-polarization condition. Under the z-polarization condition, the RBM showed stronger enhancement in comparison to the G-band, which exhibited less enhancement. In contrast, under the xy-polarization condition, the G-band exhibited higher enhancement, whereas the RBM did not. That is, the RBM and G-band exhibited opposite enhancement behaviors between the two polarization conditions. This figure indicates the selective enhancement of a particular vibrational mode by the near-field tip, which can be explained as follows. The explanation is based on the assumption that the tip apex, coated with silver particles, is excited by the incident laser field and acts as a single dipole, which in turn provides sufficient field enhancement in either the z-or xy-polarization according to the incident polarization configuration. Under each polarization, the tip-enhanced field has either a longitudinal or a lateral polarization, which couples with different electric resonances of the nanotubes. Vibrational transitions of the carbon nanotubes at this excitation wavelength couple with electron transitions either parallel or perpendicular to the tube axis. 27 Because the G-band contains a vibrational transition moment along the tube axis, it is effectively excited by xy-polarization. On the other hand, the vibrational transition moment of the RBM is located radially around the tube diameter and is more efficiently excited by the z-polarization than by the xy-polarization because the entire excitation field in the z-polarization is perpendicular to the tube axis.
Polarization Control by Nanostructures. In TERS microscopy, where the incident light is polarized parallel to the probe axis, the z-polarization is thought to be advantageous over the xy-polarization. While this is true for most samples under common near-field experimental conditions, there are samples that respond better to the xy-polarization due to their orientations. Indeed, there have been several reports that have discussed such samples. This leads us to an important requirement that the nearfield experimental setup should be equipped with proper sensitivity for measurements with the xy-polarization. This requires not only creation of effective xy-polarized illumination at the near-field probe but also proper enhancement of xy-polarized light by the probe. In ref 28 , the authors examined the xy-polarization enhancement sensitivity of near-field probes by measuring and evaluating the near-field Rayleigh scattering images constructed by a variety of probes and found that the xy-polarization enhancement sensitivity strongly depends on the sharpness of the apex of the near-field probes. A supporting FDTD simulation, as well as experimental results, showed that probes with larger apex diameters yield stronger scattering when illuminated with xy-polarized light. However, the experimental results also indicated that the contrast could not be improved only by increasing the diameter of the apex. They concluded that a metal coating thicker than 30 nm is necessary for xy-polarization sensitivity in a standard TERS system. To improve the xy-polarization sensitivity in TERS measurements further, there could still be some scope for optimizing the probe design, including the possibility of estimating the performance through calculations and simulations. 29, 30 Not only the xy-polarization but also the depolarization effect should be considered as one of the important functions of the near-field probe. 31 The scattered Rayleigh signal from the near-field probe also plays a crucial role for the characterization of the stress tensor, determination of crystalline samples, 32 the molecular orientation 33 , and nanocrystallography. 34 Nanofabrication will be indispensable for future polarization nanoscopy because it may allow the incident polarization at the apex of a near-field probe to be controlled. The light polarization is usually controlled by external optics, such as a polarizer or SLM; however, it would be preferable if the laser emission itself had the desired polarization pattern to avoid the power loss and deformation that are inevitable when using optical components. A promising result was recently presented by a group of scientists in Japan. 35 They fabricated a periodic nanoscale counterclockwise equilateral cross on a semiconductor film containing quantum dots by electron beam lithography. The emission polarization from the quantum dots showed different degrees of right and left circularity influenced by the chirality of the fabricated nanostructures. It has been generally accepted that we cannot modify the physical properties of matter just by changing its structure; however, through recent developments in nanotechnology and nanofabrication, such an idea has come to be seen as possible. Their results will lead to an important consequence that we can control the emission polarization in combination with nanostructures. The idea of nanofabrication for polarization control Figure 4 . Near-field polarization Raman spectra of a SWNT obtained under z-or xy-polarization conditions. Under z-polarization (red line), RBM is well-enhanced, and under xy-polarization (blue line), the G-band is excited more efficiently compared with z-polarization. Nanofabrication will be indispensable for future polarization nanoscopy because it may allow the incident polarization at the apex of a near-field probe to be controlled. will inevitably be applied to near-field probe design and many other aspects of polarization optics. Polarization Nonlinear Raman Imaging. Spectroscopy basically involves the dimension of energy, whereas polarization is a vectorial quantity. This leads to an important application of polarization spectroscopy, namely, the ability to distinguish two species that appear otherwise identical in the energy dimension. Figure 5 shows Raman spectra of alpha-quartz obtained under different polarization conditions. The peak indicated by the arrow in Figure 5a appears only on a shoulder of the strong Raman peak nearby, whereas in Figure 5b , the peak is clearly separated due to the polarization control, enhancing the intensity ratio of the overlapped bands, which have different Raman tensor patterns. Figure 5 suggests that, even if the two species have the same vibrational energy, they can be separated on the polarization axis. This idea is conveniently used in nonlinear spectroscopy, that is, coherent antistokes raman scattering (CARS), for eliminating a nonresonant background to enhance the contrast.
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For imaging with higher spatial resolution, nonlinear spectroscopy is a common approach. Since the development of stable high-power pulsed lasers and white-light continuum sources, the applications of nonlinear spectroscopy imaging, especially CARS and stimulated Raman spectroscopy (SRS) imaging, are now rapidly growing. 37, 38 The interesting feature in polarization nonlinear Raman spectroscopy is that we can manipulate laser beams of two or more colors while controlling their polarizations separately. For example, in the case of polarization CARS, a resonant Raman signal was produced with a polarization direction θ that satisfied the equation tan θ = ρ R tan ϕ, 36 where ϕ is the polarization angle between the pump beam and the Stokes beam and ρ R is the depolarization ratio of the resonant third-order nonlinear polarization. Because the depolarization ratio of the nonresonant background, ρ NP , is 1/3, it is possible to eliminate the nonresonant background through the Kleinman's symmetry by an analyzer directed toward the polarization perpendicular to the background. This is not the only way of achieving polarization control in CARS. Some groups have proposed an interferometric polarization CARS that effectively suppresses the nonresonant background while significantly amplifying the Raman signal for sensitive vibrational imaging with high contrast. By introducing a second Stokes beam with a polarization perpendicular to the first one and modulating the phase difference between the two interference CARS signals (IP-CARS), the technique yields a 6-fold improvement in the signal-to-background ratio. 39 Another group demonstrated that heterodyne interferometric polarization-CARS (HI-CARS) is an effective technique to simultaneously extract and amplify the resonant component of a CARS spectrum. In this method, the CARS field is combined at the detector with a local oscillator giving a phase offset between the two fields, allowing amplification of the weak CARS beam via interference with a much stronger local oscillator. 40 In polarization-controlled SRS, molecular vibrational motion temporally modulates the birefringence of the sample and thus produces oscillatory signals in Kerr measurements. 41 The polarization method is called Raman-induced Kerr-effect spectroscopy (RIKES) and can be considered a promising candidate for future polarization spectroscopy. Polarization measurement in nonlinear Raman spectroscopy is ideally suited for turnkey nonlinear Raman systems for spectroscopy and microscopy, including time-resolved measurements, because it requires minimal realignment and is capable of addressing vibrational structures in the fingerprint region without any interference of the nonresonant background.
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